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Abstract

We demonstrate instantaneous flow density visualization of the

boundary layer region of a Mach 2.5 supersonic flow over a flat plate
that is interacting with an impinging shock wave. Tests were per-

formed in the Unitary Plan Wind Tunnel (UPWT) at NASA Langley

Research Center. The technique is elastic light scattering using

lO-nsec laser pulses at 532 rim. We emphasize that no seed material of

any kind, including water (1120), is purposely added to the flow. The

scattered light comes from a residual impurity that normally exists in
the flow medium after the air drying process. Thus, the technique

described here differs from the traditional vapor-screen method, which

is typically accomplished by the addition of extra 1120 vapor to the air-

flow. The flow is visualized with a series of thin re'o-dimensional light

sheets (oriented perpendicular to the streamwise direction) that are

located at several positions downstream of the leading edge of the
model. This geometry allows the direct observation of the unsteady

flow structure in the spanwise dimension of the model and the indirect

observation of the boundary layer growth in the streamwise dimension.

Introduction

Langley Research Center's (LaRC) Unitary Plan Wind Tunnel I (UPWT) is one of three nearly iden-

tical supersonic flow facilities in the U.S. that has been heavily used in the development of supersonic

aircraft and missiles since the 1950's. In addition to schlieren, the only other standard method for off-
body flow visualization in these tunnels is vapor-screen 2-4 visualization, sometimes referred to as laser

light sheet visualization. In this method, water (H20) is injected into the facility to increase the light

scattering cross section of the flow medium. An Argon-ion laser beam is then swept through the flow

near the model by using a scanning mirror to direct the beam into the tunnel test section. The scattered

light that visualizes flow structures is then recorded on videotape for later data analysis. These images

are acquired at the standard video rate (i.e., integrated over 1/30-sec); thus, short-lived supersonic flow

structures will be washed out when imaged over this relatively long 1/30-sec window. Also, it is well-

known that large amounts of H20 in the flow medium can significantly modify the flow parameters. For
example, the increased drag on a model or the increased pressure reading of a pitot tube are two typical 5

indications used to detect strong condensation effects in transonic wind tunnels. Additionally, free-
stream stagnation conditions are known 3'6 to be altered up to -10% after the condensation of large

amounts of H20 in the UPWT. Flow visualization without H20 addition can minimize these problems.

In this report, we discuss flow visualization at the UPWT by using elastic light scattering off the dry

flow medium with high-intensity, short-pulse lasers. This type of flow imaging complements the capa-

bilities of the currently used methods of schlieren and vapor screen. The elastic light scattering method

is truly noninvasive (i.e., no probes or excessive H20 in the flow and no optical excitation of the flow

medium). In addition, this technique can capture high-speed temporal structure and image it with good
spatial resolution. With Nd:YAG lasers (Neodymium • Yittrium Aluminum Garnet, i. e., Nd 3+ • Y3 A15

O12), the flow can be imaged in 10-8 sec, which effectively freezes the flow down to scales of 0.01 ram.

Most flow visualization reported before -1990 involved visualizing the scattered light from some type

of seed material (i.e., not a component of typical air), where the question arises of "how well does the

seed material disperse and follow the airflow?" At the molecular level, Rayleigh scattering does not suf-

fer from this potential problem.



Laser-basedelasticlightscatteringfortwo-dimensionalflowvisualizationof low-speedfluidscon-
sistingof heavymoleculeswasdemonstrated7'8about15yearsagoby usingvisiblewavelengths.This
techniquewasextended9to supersonicairflowbyusingtherelativelylargerscatteringcrosssectionat
ultraviolet(UV)wavelengths.Morerecently,thismethodhasbeentested1°in large-scaleflow facilities
andsubsequentlyusedfor experimentalstudies11of thedynamicsof fuel-oxidizermixingatMach6.
Anotherattractionof elasticlightscattering,in theabsenceof cooling-inducedcondensation1215ofthe
flowconstituents,isthatcurrentlyavailablehigh-powerlasersareintenseenoughtoilluminatetheflow
atthemolecularlevelwithoutseedinganyforeignmaterialintotheflow.Thissituationallowsfor quan-
titativeoff-bodyflow fielddensitymeasurements16'17withhighspatialresolutionin twodimensions.
Manylaboratory-typedemonstrationsof elasticlight scatteringhavebeenmadeoverthelastfiveyears.
Forexample,density,temperature,andvelocityimaging1719in oneandtwo spatialdimensionshas
beendemonstrated.

Evenwith therelativelyweakscatteringatthevisiblewavelengthof 532nm,scatteredlightlevels
arestrongenoughtovisualizetheflow (withoutseeding)atMach2.5insidetheUPWTatNASALaRC.
Weconjecturethatanormallyoccurringlow-levelimpurityin theflow of thisparticularwindtunnel
hasalargescatteringcrosssectioncomparedtomolecularair.Weareabletovisualizetheflowwithout
theinjectionofH20intothewindtunnelbecausethelightscatterbythisimpurityisstrong.Thescatter-
ingsignalsarestrongenoughto visualizeflow featureswithasingle10-nseclaserpulse,sothesedata
representinstantaneousimageswiththeflow frozenin time.Wepresent2-dimensionalimagesof aflat
plateboundarylayerflowthatisperturbedwithanimpingingshockwave.Thisworkextendsprevious
laboratoryworkonboundarylayervisualizationto a large-scalefacility thatis oftenusedbytheaero-
nauticalindustry.

The shockwave/boundarylayerinteractionmodelthat we studyin this work wasoriginally
designedandbuilt for anotherproject(unpublishedworkbyIra J.Walker,LockheedEngineeringand
Sciences,1993).We originallyworkedwith this modelto obtainnonintrusiveoff-bodystimulated
Ramandatafor comparisonto surfacepressures.Duringthecourseof theRamanworkonthismodel,
wenoticedsomeanomalousintensitynoiseononeof theRamanlaserbeams.Wepostulatedthatthis
extraintensitynoisemightbedueto beamsteeringfromturbulent,unstable,orunsteadyflownearthe
model.TohelpanalyzetheRamandata,wedecidedtousesometunneltimeto obtainRayleighimages
of theboundarylayer.However,theRayleighimagesprovideusefulflow visualization;thus,we
presentthemin thisreport.

To illustratethe widespreadpotentialof this typeof flow visualization,we alsodiscussone-
dimensionalflowvisualizationin thesupersonicvorticesaboveadeltawing.Thisvortex-relatedwork
wasperformedpriortotheshockwave/boundarylayerworkandin thesamewindtunnelatMach2.8.It
wasthisunanticipatedvortexvisualizationthatpromptedustotry theboundarylayervisualization.

Experimental Setup

Unitary Plan Wind Tunnel

Figure 1 shows a schematic of the experimental configuration used for the shock wave/boundary

layer interaction model. We use a Q-switched Nd:YAG laser that is frequency doubled to wavelength

)_= 532 nm and that delivers 120 mJ per laser pulse (10 pulses/sec) into the test section of the wind tun-

nel. By using a 91-cm focal length cylindrical lens, the beam is focused into a thin, vertical light sheet

that is 1 cm high. The thickness of this sheet along the free-stream flow direction is about 200 gm and is

approximately constant over the 38-cm width of the model. The viewing angle 0 is 30 deg, and the laser

beam is linearly polarized in the free-stream direction. The detector is a Princeton Applied Research



intensified-charge-coupleddevice(ICCD)camerathatimagesthelaserbeamregionwitheitheranf/4.5
Nikonora75mmFujinonzoomlens.

All images shown in this report were acquired with the bottom edge of the laser sheet positioned

about 1.2 cm above the lower surface of the model. Thus, we are probing the boundary layer region

from 1.2 to 2.2 cm above the lower plate surface at five streamwise locations. This height was as close

as we could put the laser beam to the surface without generating significant scatter from the surface

because we made only a quick attempt to aperture the beam as it transited from the laser to the wind tun-

nel. This lack of effort was dictated by the short time available to execute this work. With longer

planning and setup time, we would be able to better reduce the scattered light and get the beam

significantly closer to the surface, if required for thinner boundary layers. However, for the flow and

model combination studied here, 1-2 cm from the surface is close enough to observe the boundary layer

height that varies from near zero at the leading edge to about 2-3 cm at some downstream locations.

This work was performed in the 1.2 by 1.2-meter test section 2 at the UPWT of LaRC. The free-
stream flow conditions are Mach 2.5 and unit Reynolds number 6.5 × 10 6 per meter. For these tests, the

flow medium is dry air. A schematic of the shock wave/boundary layer interaction model is shown in

figure 1. Figure 2a shows the model mounted in the test section, while figure 2b shows the view that we

see from our camera, with the Fujinon zoom lens adjusted for a relatively wide field of view. The dark

protrusions in the bright light sheet illustrate the unsteady edge of the boundary layer, where low-

density boundary layer fluid mixes into the denser free-stream fluid. In figure 2b, the laser beam is

located 7.6 cm downstream of the shock impingement point. Replacing the Fujinon lens with the Nikon

f/4.5 lens allows us to see an image, under higher magnification, of one half of the field of view of fig-

ure 2b. Figure 3 shows an example of the light sheet with the higher magnification. The schematic of

figure 4 shows the five locations on the model where light-sheet data were acquired. For our 2.5-cm-
diameter lenses, the solid angle of collection is about 5 × 10.4 sr.

Laboratory Calibration

We reproduced our wind tunnel setup in the laboratory after the tunnel tests were completed to cali-

brate the absolute strength of the scattered signals from the UPWT. In the laboratory setup, we used the

same beam geometry, laser powers, and signal collection geometry as in the facility. We used small

sample pieces of the schlieren quality windows from the UPWT to reproduce beam intensity reductions

due to reflections. A low-speed flow of bottled Nitrogen (N2) at the exit of an 8-cm diameter pipe was
used to create a dust-free sample region. Using this setup, we measured the magnitude of the molecular

Rayleigh scattering at 1 atm and 300 K on our camera. Since the two setups are so similar, these labora-

tory data are used to estimate the strength of the UPWT facility signals relative to the molecular air sig-

nals in the laboratory.

Results and Discussion

Laboratory Calibration

Comparing the laboratory signals from dust-free N2 to the signals from the UPWT facility, we con-

clude that the free-stream flow from the facility produces a scattered light level that is about 500 times

larger than what is expected from Rayleigh scattering from pure N 2 or air. Inspection of the images

obtained in the free stream (see fig. 5a) shows that the scattered light level is uniform on all scales that

we can resolve (from the width of the model to the limit of our resolution, about 300-500 gm) with the

Nikon lens. Therefore, the scattered light signals that we detect are likely from a normally occurring



impurity that is uniformly distributed throughout the airflow. We are definitely not directly detecting

the N 2 and oxygen (02) molecules of the airflow.

Nature of the Scattering Species

Scatterers whose size is much less than the light wavelength _ produce Rayleigh scattering, while

scatterers whose size is much greater than _ produce Mie Scattering. These two types of scattering have

different magnitudes and angular dependencies.

If the flow constituent responsible for the scattered signal is not from air molecules, we need to

determine what it is, how uniformly it is mixed with the air, and how well it follows the supersonic

flow. Oil is known to be in the flow (e.g., oil accumulates on the test section windows after running the

tunnel at high Reynolds number [1.3 × 107 per meter] for long periods of time). Several possible impu-

rities are (1) dust or dirt particles; (2) small clusters, or large droplets of condensed oil; (3) clusters or

ice crystals of residual H20; and (4) clusters of argon (Ar), carbon dioxide (CO2), N 2 or 02 molecules.

The arguments, detailed below, concerning the nature of the scattering centers and our conclusions

based on these arguments are summarized in table 1. The possibilities are listed in order of increasing

probability for contributing to the observed signal, as determined by our subjective decision based on

the comments in the right-side column. Because of the relatively large static temperature of 150 K and

relatively small static pressure of 0.05 atm in the test section free-stream flow, we strongly believe that

it is unlikely that the air molecules (except CO2) are clustering or condensing significantly. The temper-

ature of 150 K is well above the boiling point for N2, 02, and Ar for a pressure of 0.05 atm.

Using some qualitative observations of the data images, we can eliminate some of the possible

sources of scatter that are listed above. If one ignores the expected variation due to the nonuniform

Table 1. Summary of Potential Scattering Species in LaRC's UPWT, Along With

Qualitative Estimates for Occurrence of Each Species

Possible Chance of
Comment

scatterer occurrence

N 2 clusters

0 2 clusters

Ar clusters

Mixed molecule

clusters

Dust or dirt

CO 2 clusters

H2Oclusters

Oil clusters

Low

Low

Low

Low

Medium

Medium

Medium

High

Not likely at 150 K and 0.05 atm

Not likely at 150 K and 0.05 atm

Not likely at 150 K and 0.05 atm

Literature does not contain much discussion

on mixed species clusters.

a) Data clearly shows dia. < 200 mm.

b) Data also suggests dia. < 86 nm.

c) UPWT contains no filters; very small

(<10 pm) dust is possible.

We estimate 3000 CO2-CO 2 collisions in one
nozzle transit.

We estimate 3000 H20-H20 collisions in one

nozzle transit (i.e., [H20] = [CO2] for dew

point = 244 K).

Oil condenses on windows for long runs at

large Reynolds numbers.



beam profile, the images that are obtained in the free-stream flow show uniform light scattering over

large regions of flow. The very bright scatter from room air dust that typically saturates many adjacent

detector pixels is almost completely absent when the tunnel is running. We also note that the large sig-

nal from typical dust at atmospheric pressure in the test section (with no flow) is about 30 times larger

than the impurity signal that we detect at Mach 2.5 flow conditions. Large particle scatterers cannot pro-

duce the relatively small and uniform signals that we see in the free-stream flow data. Thus, we do not

put large (>>)V ) dirt, dust, or oil particles high on our list of likely scatterers, but we cannot role out

very small (<)V) sizes of these species.

Using some details of the collection geometry, we can estimate 1° the minimum density of the scat-

terers. We assume that there must be at least one scatterer or more per volume element that is imaged

onto each camera pixel because the free-stream images are so uniform. The camera pixels are

11.5 × 25 btm in size and the magnification of our collection lens is 1/16. Since the laser sheet is about
200 btm thick, we estimate that each camera pixel images 3 × 10-5 cm 3. The reciprocal of this number,

3.3 × 104 cm -3, is the minimum number density that the scattering species must have to obtain one

imaged scatterer per camera pixel and produce the uniform signal that is observed.

Next, we can use this minimum number density to estimate the maximum size of the scatterers.

Recall that the free-stream signals are about 500 times that of dust-free room air and that the size of

room air molecules is about 0.1 nm. Assuming that the scattering process is Rayleigh, rather than Mie,

the scattering cross section is proportional to the particle diameter to the 6th power, thus allowing one to

write the equality,

[500] N r [0.1 urn]6 = Ni [D]6,

where N r is the room air molecular density, N i is the wind tunnel impurity number density, and D is the
maximum possible size of the impurities in units of nm. Thus, we obtain D = 86 nm for the maximum

size of the free-stream impurity scatterers.

Since the laser light wavelength )v is 532 urn, we cautiously conclude from this maximum size that

the scattering process is in the Rayleigh ()V>> D) regime. However, note that we had to assume that the

process was Rayleigh to use the fact that the signal is proportional to the 6th power of the particle diam-
eter. Mie scattering ()V<< D) signals will vary much less than the 6th power of diameter. Thus, the argu-

ment of the last paragraph is somewhat circular, and we lose some confidence in the conclusion that the

scattering process is Rayleigh. We cannot definitively rule out Mie scattering from particles (---few btm
in diameter), where several of these particles could potentially fit in the sample volume of each camera

pixel to yield the uniform images that we observe.

Residual Water

The typical dew point of the flow is about 244 K, depending on the outside weather. With this small

amount of H20 in the flow and the 10-m length of the expansion nozzle, we roughly estimate only 3000

H20-H20 collisions during the expansion. Assuming that clustering occurs under these conditions, that
every collision sticks (i.e., 3000 molecules per cluster), and that there is 10-7 Torr vapor pressure of

H20 at 150 K, we then estimate an H20 cluster density of 2 × 106 cm -3. This density is two orders of

magnitude larger than the previous estimate for the minimum scatterer density. Thus the estimated H20

cluster density is consistent with our observation of uniform scattering on our smallest resolved spatial

dimensions, as calculated in the preceding two paragraphs. We cannot use this calculation to role out

H20 as the scatterer. However, we present a last argument that implies that H20 condensation is

unlikely to contribute to our signals.



Thefollowingargumentcontainsthreeunprovenassumptionsandshouldbetakenasouropinionof
themostreasonablescenario,butnotnecessarilyasrigorousfact.ConsiderthatthescattererisnotH20.
Assumethatthescattereris mixedsuchthatit makesupaconstantmolefractionof theflowdensity.
Wecomparethebrighter(largerdensity)free-streamsignalsto thedimmer(smallerdensity)boundary
layersignals.Formostof thedata,thebrightregionsof thefreestreamaremeasuredto beabout2.7
_+0.6timesbrighterthanthedarkregionsof boundarylayermaterialthatismixingupward.Thismea-
surementis theaverageof 15ratiomeasurementsmadefrom15differentindividualvideoframes.The
uncertaintyof_+0.6is thestatistical(1 cy= 68% confidence) error for the sample of 15 ratios. The 15 dif-

ferent frames were chosen from light sheet locations 2-5 of figure 4 and there is no obvious trend in the

measured ratio with location. Stray background light from window scatter and the ICCD dark current

are approximately accounted for in each individual frame by measuring the signal levels in pixels just

below the edge of the laser beam and subtracting this level from the total signal level in the laser beam

regions of interest. This approximate method for subtracting stray light and dark current backgrounds is

used since it is not possible (due to leaks) to evacuate the UPWT test section to a density that is much

lower than the static density during the run, which would allow a more accurate background subtraction

on a pixel by pixel basis.

It is useful to compare this measurement with the expected density ratio. Assuming isentropic

expansion throughout the nozzle, we can calculate the free-stream density. If we assume constant pres-

sure and that the boundary layer regions are frictionally heated back to the stagnation temperature

(temperature recovery = 1), then we also know the boundary layer density. The calculated ratio of free-
stream to boundary layer density is the ratio of the stagnation temperature to the free-stream tempera-

ture or about 325 K/150 K = 2.2, in agreement with the measurement of 2.7 _+0.6. Thus the observed sig-

nals are proportional to the two densities (free-stream and boundary layer) that we know with some

degree of confidence. This result is consistent with the assumption that the impurity that is responsible

for the scattered signal is uniformly mixed and follows the flow reasonably well. For example, if the

flow density changes by a factor of two, then we expect that the impurity density and the scattering sig-
nal will also change by a factor of two.

On the other hand, consider that the scatterer is condensed H20 that is partially or completely evap-

orated in the hot boundary layer and undergoes increased clustering when cooled to the free-stream tem-

peratures. Although not impossible, it is a remarkable coincidence if the increase in signal is also a

factor of two -- due to an increase of the clustering rate of the cool free-stream relative to the warm

boundary layer. Thus, we also believe, although less confidently than for the other possibilities, that it is

unlikely that H20 is clustering or condensing just enough to provide the observed scattering signal that

seems to be proportional to density.

Determination of the Scattering Species

Based on these arguments, we believe that the strongest candidate for our signal source is small

clusters of oil in the flow. Unfortunately, we can not specify with absolute confidence what is contribut-

ing to our scattered light signal. The somewhat speculative nature of some of the previous arguments is

less than satisfactory, and more work is necessary to identify the scatterer unambiguously.

In the next three sections, we shall assume that a uniform (i.e., constant mole fraction) oil impurity

in the flow consists of small clusters that accurately follow the flow and make the only contribution to

our scattered light signal. Thus, the signal is proportional to the total flow density. Hence, regions of

bright signal indicate higher airflow densities and dimmer signals indicate smaller airflow densities. In

figures 2b, 3, and 5, the small, cloud-like dark regions that protrude upwards into the narrow bright band

of the laser light sheet are eruptions of hot (-325 K) boundary layer material. These hotter regions are



juststartingto mixupwardintothecolder(-150 K) anddenserfree-streamflow thatis morebrightly
illuminatedbythelaserlight sheet.If wearewrong,andthescatteringspeciesisH20, for example,it
will notsignificantlychangeanyofthediscussionof theflowvisualizationthatfollows.

Visualization of Shock/Boundary Layer Region

We have visualized the flow in two-dimensional sheets perpendicular to the streamwise direction,

concentrating on the boundary region (i.e., 1-2 cm above the surface) between the free-stream flow and

the boundary layer. We initially used the Fujinon zoom lens to obtain relatively wide fields of view. An

example is the image of figure 2b, which shows a segment of the laser light sheet that is about 30 cm

long. We have also imaged narrower fields of view by using the f/4.5 Nikon lens, where the imaged

region is shown in figure 3.

All images presented in this report do not have the stray background contributions subtracted. How-

ever, the signal-to-backgrotmd ratio is sufficiently large to display clear flow structure.

One example of a raw data image is shown in figure 3a, which shows a magnified view from the

central region of the model that is centered on the centerline of the model. The width of this field of

view is about 15 cm, i.e., less than half of the 38 cm-width of the model. Figure 3b shows the same data

after the contrast has been enhanced for display purposes. This is the same field of view that is displayed

in figure 5. The purpose of figure 3 is to convince the reader that we have not unreasonably altered the

raw images with our image enhancement process. Details of the image enhancement of the original 8-bit

images are as follows. Linear contrast stretching and image smoothing are both used. The linear contrast

stretching technique involved choosing two gray levels (here 20 and 100) in the original image and lin-

early mapping each gray level value within this specified range onto the entire gray level range of 0

to 255. All gray level values that fall below and above the specified range are clipped to zero (black) or

255 (white), respectively. The image-smoothing technique reduces high-frequency noise by replacing

the gray level at each pixel with the average of the gray levels in a 3 by 3 neighborhood.

To sequentially probe different locations, we have qualitatively visualized the growth of the turbu-

lent boundary layer thickness as a function of distance downstream from the leading edge of the model
by translating the model in the streamwise direction. A two-dimensional composite of the model and

five laser light sheet locations are shown in figure 4. The five locations are (1) 5 cm upstream of the

leading edge, i.e., the free stream; (2) 16 cm downstream of the leading edge, i.e., about 1/2 the stream-

wise distance down the shock-generating ramp; (3) 22 cm downstream of the leading edge, i.e., the

shock impingement point; (4) 5.1 cm farther downstream of the impingement point; and (5) 7.6 cm

downstream from the impingement point.

Figures 5a-e show eight successive single-shot images obtained for each of the five different

streamwise locations that are shown in figure 4 and described in the preceding paragraph. In other

words, figure 5a shows eight sequential images from position 1, the free-stream location of figure 4; fig-

ure 5b shows eight sequential images from position 2, 1/2 way down the ramp and so forth. Each indi-

vidual image of figure 5 is a 10-nsec shot of flow field and hence gives an instantaneous picture of the

upper boundary layer structure. At each location, the eight different images were acquired at a 10-Hz

repetition rate. The data at each location were typically acquired about 2-5 minutes after the preceding

upstream location. All images of figure 5 are enhanced in the same manner as figure 3b.

The net result of figure 5 is to show both the instantaneous flow structure that is transverse to the

streamwise direction in each image and the growth or decay of the boundary layer with streamwise

location over the entire set of images. Location 2 is the furthest upstream position where we are able to



seethefirst hintsof transversestructureatthisheightoff thesurface.All positionsupstreamof this
locationgiveimagesthatshowauniformlightsheetandareindistinguishablefromimagesatthefree-
streamlocation;we interpretthis to meanthattheboundarylayerthicknessin smallerthan1.2cm,
whichis thedistancefromtheloweredgeof thelasersheettothelowersurfaceof themodel.Hence,we
havenotillustratedanylocationsbetweentheleadingedgeandlocation2in figures4and5.

At location2 andfartherdownstream,weseetheroughlybimodalstructurethatisshownthrough-
outfigures5b-e.Bybimodal,wemeanthatthebrightregionsof thelasersheetsusuallydisplayabout
twicethesignallevelasthedarkercloud-likestructuresthatprotrudeup intothebottomof thesheet.
Weinterpretthesedarkerregionsashotboundarylayergasmixingupwardintothebrighterregionsof
colderfree-streamflow. Theimagesof figure5 vividly illustratethespanwiseinhomogeneityof the
boundarylayeronaninstantaneoustimescale.Movingdownstream,themaximumheightofthesestruc-
turesoccursnearlocation3,theshockimpingementpoint.Fartherdownstreamatlocations4 and5,the
maximumheightof theseregionsdecreases,asshownin thefigure.

Thus,weobserveaboundarylayerthicknessthatincreaseswith increasingdownstreamdistance
fromtheleadingedgeandreachesamaximumheightattheposition(i.e.,location3in fig. 4)wherethe
shockimpingesonthelowerplate.Downstreamfromthislocation,theboundarylayerthicknessbegins
todecrease,with fartherincreasingdistancedownstream.Thisvariableboundarylayerheightis consis-
tentwith typicaldescriptions2(_22of shock/boundary-layerflow fields,wheretheboundarylayersepa-
ratesfrom the surfacenearthe shockimpingementpoint andreattachesfartherdownstream.This
behavioris alsoin agreementwith schlierendataobtainedonthismodel.At theimpingementpoint,
schlierendatashowamaximumboundarylayerthicknessof about2cm,consistentwith themaximum
height(-2.2cmor larger)of theflow structuresin figure5.

Thecentersof thelightsheetsof thefigure5 imagescorrespondto thecenterof themodel.Inspec-
tionof all figure5 imagesshowsthatthehotboundarylayerprotrusionsintothecoldfree-streamflow
seemto occurmoreoftenontheleft-handsideof thelasersheetthanontheright-handside.Notethat
attenuationofthelaserbeam,asit transitsthetestsection,isnegligibleandthusdoesnotplayarolein
thisobservation.Thisobservationis confirmedby reviewingabout10,000total images(spanning2-
3hoursof mntime)thatwereacquiredduringtheentiretest.At anylocationthatshowsthemixing
structures,wealwaysseeathickerboundarylayer,ontheaverage,ontheright-handside,ascompared
totheleft-handside.Webelievethat,for whateverreason,thisobservationsuggeststhattheboundary
layerisgrowingasymmetricallyoverthebottomplatefortheseparticularsetupandmnconditions,thus
illustratinga spanwiseinhomogeneityof theboundarylayerin a time-integratedsense.Thiskind of
observationisnotpossiblewith thestandardschlierendatabecauseschlierensignalsareaveragedover
alineof sight.

Notethattheshockstructurewastooweakto detectwiththisparticularcombinationof laserinten-
sity,wavelength,andviewingangle.

One-DimensionalVisualization

DuringthestimulatedRamanexperimentsthatimmediatelyprecededthisflowvisualizationwork,
wehadvisualizedthissameboundarylayerregionwith thelaserbeamfocusedto anarrowlinethat
crossedthemodelatthesamelocationsasthesheetsshownin figure4. Thus,weimagednarrowlines
of flow field thatareperpendicularto thestreamwisedirectionandparallelto thebottomplate.The
laserenergy/pulsewasabout40-50mJ,andthe532umlight wasfocusedto minimumdiameterof
about200btm at the centerline of the model. The line of laser light was placed 8 mm above the surface



of thelowerplate.Thescatterbytheflowmediumwaslargeenoughthatthelineof laserlightcouldbe
seenwiththenakedeyein thenearforwardandbackwarddirections.

Theresultsof thisone-dimensionalvariationof flowvisualizationarein qualitativeagreementwith
theresultsof thesheetimagingdescribedpreviouslyandareillustratedwith reproductionsof hand
sketches(thatwemadewhileobserving,bynakedeye,thebeamin realtime)in figure6.Thedatawere
recordedin thismanneronlybecausewewerein themiddleof Ramanexperimentsandnotableto
acquireimageswiththeICCDcamera.Threestreamwiselocationsareshownin figure6,corresponding
topositions1,3,and4of figure5. In the free stream, the beam brightness was uniform in both time and

the spanwise direction. At shock impingement point 3, the beam became completely invisible inside the

model boundaries but remained steadily bright outside the model boundaries. Farther downstream at

position 4, the beam appeared intermittent in both time and the spanwise dimension inside the model,

but remained steadily bright outside the model.

These results are consistent with both the schlieren and sheet-imaging results described previously.

At the impingement point, the low-density boundary layer has grown thick enough (and has also

separated from the surface) to completely overlap the beam and reduce the scattered signal from regions

inside the model. At downstream position 4, the boundary layer has decreased just enough that some of

the largest hot regions of boundary layer material protrude up into the beam to create several dark spots

in the beam across the width of the model. The spatial intermittence of the laser beam rapidly varies
with time, illustrating the high-speed temporal dependence of the boundary layer height as a function of

spanwise location. This temporal behavior is washed out in most conventional space-averaged or time-

averaged schlieren images.

Delta Wing Vortex Visualization

To illustrate the general applicability of this technique, we briefly describe the results of flow visu-

alization of the vortices above a delta wing in a Mach 2.8 supersonic flow. This work was done in the

UPWT prior to the boundary layer visualization. The angle of attack is 12 deg. The energy/pulse is

40 mJ. In the delta wing work, the 532-nm laser beam is not focused into a sheet but is again focused

into a line (perpendicular to the model centerline) with a 120-cm focal length spherical lens. Thus only

line images perpendicular to the free-stream direction can be visualized.

The geometry is shown in figure 7, where the free-stream flow is out of the plane of the paper in the

end view depictions of figures 7a and 7b, and is from left to right in the side view depiction of figure 7c.

The line of the focused laser beam is perpendicular to the free-stream flow, and the flow was visualized
by naked eye observation in the near forward direction, as illustrated in figure 7a. The results were

recorded with hand sketches and are shown in figure 7. In the free-stream flow, i. e., upstream of the

model, the laser beam appeared as a uniform and steadily bright line where the beam crossed the tunnel

test section (as shown in fig. 7a). The model was translated along the direction of the flow until the

beam was located about 6 mm above the delta wing, as shown in the side view of figure 7c. Primary and

secondary vortices were clearly observed as abrupt "dark holes" in the laser beam, as shown in
figure 7b. We emphasize that this visualization was done without any seeding or purposeful increase in

the normal amount of H20 (dew point = 244 K) in the flow.

This flow visualization was performed during the same time frame as that used for the acquisition of

both nonintrusive Raman data and five-hole-probe velocity data (unpublished work, James E. Byrd,

Lockheed Martin, 1993). The probe was mounted such that it could be translated, along the streamwise

direction, from far downstream of the trailing edge of the model to the position just upstream of the

trailing edge that contained the laser beam. The probe was used as a reference marker for the placement



of thecrossingpositionof theRamanbeamsby locatingthecrossinginsideof thevortexat aknown
probeposition.Ononedayof Ramandataacquisition,webackedtheprobefar downstreamof the
modelafterpositioningtheRamanbeams.Ona secondday,theprobetip wasleft justupstreamof the
trailingedgeafterpositioningtheRamanbeams.Webelievethatweobservedasignificantdifferencein
thetransversepositionof thevortexbetweenthesetwo longitudinalprobepositions.Two problems
(i.e.,thelimitedtunneltimeandthenakedeyedetectionwiththeawkwardgeometryofobservingalong
a line in thenearforwarddirectionof the laserbeam)hinderedthisobservation.Theless-than-ideal
natureof thisobservationleavesusuncertainof thetentativeconclusionthatthepresenceof theprobe
nearthetrailingedgemovesthepositionof thevortex.However,thisobservationat supersonicveloci-
tiesisconsistentwithasimilarreport23of aseven-hole-probethatinfluencedthepositionof avortexat
subsonicspeeds.

Summary

We have demonstrated the visualization of the boundary layer regions of an inlet model in the nor-

mal unmodified test gas of a Mach 2.5 free-stream flow in NASA-Langley's UPWT facility. Flow

visualization has been performed previously with schlieren or by seeding large amounts of extra H20

into the flow. We have shown that one can use 532 nm to visualize the supersonic flow in a large-scale

facility because of the relatively high light scattering cross section of an impurity contained in the dry

air flow. With the caveat that the impurity is uniformly mixed and follows the flow, the signal is propor-

tional to total density, and the images presented here are representative of the total flow density.

Although the nature of the impurities that provide our scattering signal are not known with complete

confidence at this time, there is evidence that suggests that the size of these impurities is less than

86 nm. We believe that the two most likely possibilities for the light scatterers that we observe are oil or

residual H20.

Our geometry allows us to observe the nonuniform flow structure in the dimension transverse to the

free-stream flow direction. We also observe the growth of the boundary layer height due to an imping-

ing shock wave. This work illustrates the potential of future laser-based, instantaneous, nonintrusive

flow visualization of boundary layer regions in this (or a similar) facility. In future work, a geometry

orthogonal to the one used in this work would allow the

ary layer, including transition from laminar to turbulent

neous timescale. Quantitative measurements, if possible

of calibrating the raw data in the wind tunnel itself and

instantaneous flow visualization of the bound-

flow, in a streamwise direction on an instanta-

in the UPWT, will require more detailed work

account for stray light backgrounds and other

possible systematic errors. We have also demonstrated the visualization of the vortices generated by

supersonic flow over a delta wing using the same technique as used in the boundary layer work.

For future work, we suggest tests to investigate the nature of the scattering signal that we are

observing in the UPWT facility. Precise knowledge of the scattering species would give more confi-

dence in any aerodynamic conclusions that are drawn from work based on the noninvasive flow visual-

ization technique described in this report.
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Figure 1. Diagram of experimental arrangement for flow visualization of flat plate botmdary layer region showing

views from the top and side. The laser beam, collection optics, and camera are fixed relative to the wind tunnel test

section. Different longitudinal positions along the model are viewed by translating the model inside the test sec-

tion along the free-stream flow direction. (Figure not to scale.)
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(a) Photograph of shock boundary layer interaction model in UPWT test section.

Scatter off ramp on
upper plate

Scatter off lower plate
downstream of laser beam
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(N1 cm tall with lower edge
N1 cm off lower plate)
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Reflection of light sheet
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(b) ICCD image of boundary layer region.

Figure 2. Shock-boundary layer interaction model in the UPWT test section and ICCD image of the boundary

layer region (illuminated by laser light), using a wide field of view.
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(a)Rawimage.

(b)Contrast-enhancedversion.

Figure3.Therawandcontrast-enhancedversionofsameimage.
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Figure4.Illustrationofmodelandfivelaserlightsheets,witheachsheetshownatadifferentstreamwiseposition.
Thefivelocationsare(1)5cmupstreamofleadingedge(i.e.,thefreestream);(2)16cmdownstreamofthelead-
ingedge(i.e.,about1/2waydowntheshock-generatingrampontheupperplate);(3)22cmdownstream(i.e.,the
shockimpingementpoint);(4)5.1cmfartherdownstreamofimpingementpoint;and(5)7.6cmdownstreamfrom
impingementpoint.Singlepulseimages(foreachoffivelocations)areshowninfigure5.
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(a) Location 1.

Figure 5. Successive single pulse (i.e., instantaneous) sheets of flow structure as a function of distance down-

stream from leading edge of model. Locations 1 through 5, described in figure 4, respectively correspond to parts

(a) through (e) of this figure. All images are with the same magnification as in figure 3. For each location we show

eight successive laser shots at 0.1 sec temporal separation.
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(b) Location 2.

Figure 5. Continued.
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(c) Location 3.

Figure 5. Continued.
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(d)Location4.

Figure5.Continued.
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(e)Location5.

Figure5.Concluded.
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(c) Position 7.6 cm downstream of impingement point. (Location 5)

Figure 6. Sketch of line imaging made from visual observations of boundary layer region from a shock-boundary

layer interaction model. Three illustrated positions (free stream, impingement point, and 7.6 cm downstream of

impingement point) correspond to (a), (c), and (e) of figure 5. The narrow focused beam is 8 mm above model
surface.
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Figure 7. Sketch of line imaging made from visual observations of the supersonic flow field of the vortices above

a delta wing. The uniform intensity of beam in the free stream is illustrated in (a), while the four gaps in the beam

show low density regions of the two primary and two secondary vortices in (b). The side view of (c) shows the

approximate location of the beam relative to the wing.
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